Many plant photoresponses from germination to shade avoidance are mediated by phytochrome B (phyB). In darkness, phyB exists as the inactive Pr in the cytosol but upon red (R) light treatment, the active Pfr translocates into nuclei to initiate signaling. Degradation of phyB Pfr likely regulates signal termination, but the mechanism is not understood. Here, we show that phyB is stable in darkness, but in R, a fraction of phyB translocates into nuclei and becomes degraded by 26S proteasomes. Nuclear phyB degradation is mediated by COP1 E3 ligase, which preferentially interacts with the PhyB N-terminal region (PhyB-N). PhyB-N polyubiquitination by CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) in vitro can be enhanced by different PHYTOCHROME INTERACTING FACTOR (PIF) proteins that promote COP1/PhyB interaction. Consistent with these results, nuclear phyB accumulates to higher levels in pif single and double mutants and in cop1-4. Our results identify COP1 as an E3 ligase for phyB and other stable phytochromes and uncover the mechanism by which PIFs negatively regulate phyB levels.
INTRODUCTION
Plants are informed of the time of the day and their place of growth by a collection of photoreceptors that detect changing intensity, quality, and direction of light in the environment. Among these, only the phytochrome (phy) family members are sensitive to red (R) and far-red (FR) light. Phytochromes exist as dimers that upon R exposure change their conformation from the inactive (Pr) to the active (Pfr) form; the latter translocates into nuclei to initiate a signaling cascade leading to photomorphogenic responses (Neff et al., 2000; Bae and Choi, 2008; Fankhauser and Chen, 2008) . Based on their relative stability upon light treatment, phytochrome family members are broadly classified into two groups. The labile phytochrome, type I, contains only one family member, phyA, which is rapidly degraded during seedling deetiolation. This phytochrome plays a major role in a plant's transition from heterotrophic to phototrophic growth (Neff et al., 2000; Bae and Choi, 2008) . On the other hand, type II phytochromes, phyB, C, D, and E, are relatively stable and slowly degraded upon irradiation with R (Sharrock and Clack, 2002) . These phytochromes mediate a large number of physiological and molecular responses, from seed germination and shade avoidance to flowering (Smith, 2000) .
PhyA instability in the light is a mechanism of photoreceptor desensitization linked to signal termination. Previous work has shown that the phyA PAS domain interacts with the WD40 domain of CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) and that COP1 acts as an E3 ligase for the photoreceptor (Seo et al., 2004) . Consistent with these observations, phyA and COP1 colocalize in nuclear bodies, and the phyA destruction rate is decreased in cop1 mutant alleles and by expression of a dominant-negative COP1 RING motif mutant (Seo et al., 2004) . COP1 activity toward its target proteins can be modulated by factors that interact with this E3 ligase. Indeed, SPA1, which binds to the coiled-coil domain of COP1, has been shown to regulate COP1-mediated ubiquitination of phyA, LAF1, and HY5 (Saijo et al., 2003 (Saijo et al., , 2008 Seo et al., 2003 Seo et al., , 2004 . These observations raise the possibility that factors that interact with COP1 substrates may also affect their ubiquitination.
Like phyA, the stable phytochromes (e.g., phyB) are also converted to the active Pfr form by R and can be reverted to the inactive Pr form by darkness or FR. Although FR and darkness can desensitize phyB, the question arises whether the nuclear, activated Pfr form also undergoes turnover during light signaling and how this critical step in R light signaling is regulated. Even at high R light fluences, only 50 to 60% of the total phyB is converted into Pfr, which is compartmentalized in nuclei (Chen et al., 2005) . Whether the cytosolic and nuclear phyB pools have different turnover rates and are differentially regulated has not been explored.
Work done primarily by Quail and colleagues has identified a group of basic helix-loop-helix (bHLH) transcription factors, named phytochrome interacting factors (PIFs) , that interact with phytochromes (Castillon et al., 2007; Monte et al., 2007) . PIFs accumulate in darkness and inhibit photomorphogenesis by promoting transcription of genes that positively regulate cell elongation (Martínez-García et al., 2000; de Lucas et al., 2008; Feng et al., 2008; Leivar et al., 2008a) . Detailed biochemical analysis has showed that, upon light exposure, PIF1, 3, 4, 5, 6 , and 7 can interact with phytochrome via an active phytochrome binding motif (APB) Khanna et al., 2004; Leivar et al., 2008a) . Binding to phyB targets PIF1, 3, 4, and 5 for degradation by 26S proteasomes (Castillon et al., 2007; Monte et al., 2007; Henriques et al., 2009) . There is an inverse relationship between phyB levels and PIF levels; pif mutants accumulate higher phyB levels, whereas PIF overexpressors have reduced phyB levels (Khanna et al., 2007; Al-Sady et al., 2008; Leivar et al., 2008a) . Because PIFs are localized in nuclei, these results suggest that the nuclear phyB pool, presumably consisting of phyB Pfr, is unstable and regulated by PIFs. The E3 ligase(s) responsible for phyB instability has not yet been identified, and the mechanism of action of PIFs is also unknown.
Here, we identify COP1 as the E3 ligase for not only phyB but also other members (phyC-E) of the stable phytochrome family. We found that PIFs enhance phyB ubiquitination by COP1 in vitro and the phyB interacting motif (APB) is needed for this stimulation. Furthermore, we show that, in R light, nuclear and cytoplasmic phyB pools are differentially regulated, since PIFs promote COP1-mediated ubiquitination of only nuclear phyB. Taken together, our results provide a mechanism for the desensitization of type II phytochromes and signal termination under R light conditions and uncover the mechanisms by which the abundance of PIFs modulates this key step in light signaling.
RESULTS

Increased phyB and phyD Levels in cop1 Mutant Alleles
We examined the phenotypes of cop1 mutant alleles under R light using wild-type ) and phyB-9 as controls. In agreement with previous observations (McNellis et al., 1996) , cop1 mutant alleles (cop1-4 and cop1-6) were hypersensitive to R with shorter hypocotyls and larger cotyledons compared with wild-type seedlings ( Figure 1A ). Under the same conditions, the phenotype of the phyB-9 cop1-4 double mutant (Yu et al., 2008) shows slight hyposensitivity to R light compared with cop1-4 (see Supplemental Figure 1 online).
The R hypersensitivity of cop1 mutants could be due to many factors, such as reduced expression of negative regulatory components and/or increased expression of positive signal transducers, including photoreceptors. To address this, we first analyzed expression levels of two phytochromes: phyB and phyD implicated in R signaling. As members of the stable phytochrome family, phyB and phyD are known to turn over in R but at a much slower rate compared with phyA (Sharrock and Clack, 2002) . We confirmed these previous observations (see Supplemental Figure 2 online) and also showed that cop1 mutant alleles accumulated higher levels of these photoreceptors compared with the wild type ( Figure 1A ). In the wild type, both phyB and phyD were moderately unstable and degraded by 26S proteasomes after 24 h of R light, as demonstrated by their increased levels in the presence of MG132 ( Figure 1B ). By contrast, phyB and phyD appeared to be stable in cop1 mutants treated with R, and their levels were not affected by MG132, suggesting reduced degradation ( Figure 1B) . Although in seedlings germinated in darkness, phyB or phyD mRNA levels were higher in cop1-4 compared with the wild type, there were no significant differences of these mRNA levels under R treatment (see Supplemental Figure 3 online), where pronounced differences in phyB levels between cop1-4 and the wild type were observed ( Figure 1B ).
phyB Interacts with COP1 in Vitro and in Vivo
Because COP1 is an E3 ligase (Saijo et al., 2003; Seo et al., 2003) , the stability of phyB in cop1 mutant alleles suggested that the photoreceptor could be a substrate. We performed in vitro pulldown assays to test for direct interaction between PhyB and COP1. Whereas the N-terminal (PhyB-N, amino acids 1 to 640) region of PhyB strongly interacted with COP1, weak binding was detected with the C-terminal (PhyB-C, amino acids 640 to 1172) region (cf. Figures 1C and 7B ). The binding of the PhyB N-terminal fragment to COP1 was not as strong as that of HFR1, which was used as a positive control. Neither maltose binding protein (MBP) nor glutathione S-transferase (GST) interacted with any of the proteins tested. Further deletion analysis showed the WD40 domain (amino acids 216 to 675) of COP1 was responsible for the binding (see Supplemental Figure 4 online). The direct in vitro interaction between phyB and COP1 could be recapitulated in vivo using transgenic plants expressing COP1-6Myc fusion protein ( Figure 1D ).
COP1 Is an E3 Ligase for PhyB
The direct interaction between COP1 and PhyB prompted us to perform in vitro ubiquitination assays to test whether PhyB would be a COP1 substrate. Figure 2A shows that PhyB-N but not PhyB-C could be polyubiquitinated by COP1. This result indicates that COP1 is an E3 ligase for PhyB and that a strong, direct interaction is necessary for polyubiquitination. In plants, phyB can exist in two forms, Pr and Pfr, depending on the ambient light condition. Accordingly, we reconstituted phyB-N using the cyanobacterial phycocyanobilin as a chromophore (Ni et al., 1999) , and the generated Pr and Pfr forms of phyB-N were used as substrates for in vitro ubiquitination. Figure 2B shows that the Pfr form rather than the Pr form of phyB was preferentially polyubiquitinated by COP1 after 1 h of incubation in vitro. Upon longer incubation, however, polyubiquitination of the Pr form was also seen. These results show that COP1 can ubiquitinate both forms of phyB-N but with different efficiencies.
If phyB is targeted by COP1 E3 ligase in vivo, we should be able to manipulate phyB levels by changing endogenous COP1 activity. To this end, we expressed COP1-6Myc or DN-COP1-6Myc in transgenic plants using an inducible system. Figures 2C  and 2D show that phyB and phyD expression levels were decreased by induced wild-type COP1 expression but increased when the expression of a dominant-negative COP1 RING motif mutant was induced (Seo et al., 2004) . These results provide evidence that COP1 E3 ligase directly regulates phyB and phyD levels in vivo.
Nuclear Pfr phyB Is Unstable
In darkness (D), phyB is localized in the cytosol, but upon R treatment, the activated photoreceptor (presumably phyB Pfr) translocates into nuclei (Yamaguchi et al., 1999; Kircher et al., 2002; Chen et al., 2003) . To determine how nuclear translocation affects phyB, we compared phyB levels in etiolated seedlings and seedlings exposed to 24 h R. Figure 3A shows that phyB was relatively stable in darkness when the inactive photoreceptor was cytosolic but was degraded by 26S proteasomes upon R irradiation when the photoreceptor had translocated into nuclei. The half-life of phyB in darkness was longer than under R light (see Supplemental Figure 5 online); in fact, in darkness phyB levels remained unchanged for 24 h. These observations suggest that phyB degradation in R light is largely a nuclear event. To test this hypothesis, we examined the stability of an N-terminal fragment of phyB appended with green fluorescent protein (GFP), b-glucuronidase (GUS), and a nuclear localization signal (NGG-NLS). This fusion protein, which is constitutively nuclear localized, has been shown to complement a phyB null mutation (Matsushita et al., 2003) . Figure 3B shows that in contrast with phyB, NGG-NLS was unstable both in D as well as after 24 h R treatment, but its level could be greatly increased with MG132, indicating that the nuclear-targeted NGG-NLS was rapidly degraded under both conditions. By contrast, CG (phyB C-terminal-GFP) levels were relatively high in D and R, and MG132 had only a small effect. Coimmunoprecipitation experiments demonstrated that NGG-NLS but not CG interacted with COP1 in vivo (see Supplemental Figure 6 online).
We next determined the half-life of different phyB derivatives using transgenic plants expressing BG (phyB-GFP), NGG-NLS, and CG (Matsushita et al., 2003) treated with cycloheximide to block new protein synthesis. Under the experimental conditions used, the half-life of phyB in the wild type (Col) was ;8 h under R ( Figure 5A , Col), and the BG decay rate or pattern was comparable to that of phyB ( Figure 3C ). By contrast, the NGG-NLS decay rate was remarkably faster and the protein was no longer detectable after 2 h ( Figure 3C ). Control experiments showed no change in CG levels for 24 h ( Figure 3C ). The NGG-NLS fast decay pattern is reminiscent of that displayed by HFR1, LAF1, HY5, and BIT1, which are nuclear transcription factors also targeted by COP1 (Osterlund et al., 2000; Jang et al., 2005 Jang et al., , 2007 Hong et al., 2008) .
The slower decay kinetics of BG or phyB (Figures 3C and 5A) compared with NGG-NLS in R was surprising. One possible explanation could be that in contrast with NGG-NLS, a fraction of phyB was translocated into the nucleus in R and degradation In (C) and (D), phyB, phyD, and COP1 levels were detected by anti-phyB (BA2), anti-phyD, and anti-Myc antibodies, respectively. Tubulin (Tub) was detected as a loading control. occurred only in the nuclear compartment. The relative stability of the remaining cytosolic phyB pool could account for the dampened decay rate of the total phyB population. To address this issue directly, we performed cell fractionation experiments using etiolated seedlings as well as seedlings exposed to 6 and 24 h of R (R6 and R24). Figure 4A shows results confirming the purity of the two cell fractions as evidenced by the preferential distribution of RNA polymerase II (Pol II) and a-tubulin (Tub), which were used as nuclear and soluble (presumably cytosolic) markers, respectively. In the same samples, phyB was clearly present in the soluble fractions in D, R6, and R24 but was not detectable in the nuclear fractions ( Figure 4A ). Addition of MG132 increased phyB levels in the nuclear fractions of R24 (R24+MG132), indicating that phyB was translocated into the (C) NGG-NLS is localized in nuclei under R light. Four-day-old etiolated seedlings (NGG-NLS/B-) were treated with MG132 (25 mM) and then kept in D or exposed to R light (10 mmol m À2 s À1 ) for 24 h. In (A) to (C), samples were fractionated as soluble (S) and nucleus (N). Pol II and tubulin were used as the marker proteins for nuclear and cytosol fractions, respectively, as well as the loading controls. nucleus and degraded in R ( Figure 4B ). Note that the electrophoretic mobility of nuclear phyB (R24+MG132) was slower than that of cytosolic phyB. This was likely a consequence of the increased salt concentration in the nuclear fraction. We next investigated NGG-NLS, which is constitutively localized in the nucleus. Figure 4C shows that, after MG132 treatment, the majority of NGG-NLS accumulated in nuclei in both D and R24, confirming the reliability of these cell fractionation experiments.
Because phyB is a substrate of COP1, we investigated the distribution of COP1 in the same fractions using a specific COP1 monoclonal antibody (see Supplemental Figure 7A online). COP1 was found in both the soluble as well as the nuclear fraction, and its distribution was not altered by R treatment (Figures 4A and 4B) . Moreover, we found that COP1 was mostly in the soluble fraction in mature Arabidopsis thaliana plants ( Figure 4A , M). Our results suggest that COP1 may be active only in the nucleus and at early stages of seedling development.
pif Mutants Accumulate Higher phyB Levels Compared with the Wild Type
Since phyB photoactivation initiates R signaling, it is reasonable to assume that photoreceptor desensitization by protein destruction may be subject to multiple regulations. Such regulatory factors are expected to interact with either phyB or COP1. PIFs are members of the bHLH family first identified by their binding to activated phyB through their APB sequences (Ni et al., 1999; Khanna et al., 2004) . These nuclear factors negatively regulate phyB levels, which increase in pif mutants but decrease in PIF overexpressors (Khanna et al., 2007; Al-Sady et al., 2008; Leivar et al., 2008a) . However, it is not known if this effect is direct or indirect, and the mechanism of PIF action remains obscure.
We measured phyB turnover kinetics in the wild type and pif mutants in the absence of new protein synthesis. We found that the half-life of phyB was ;8 h in the wild type (Col) but was prolonged to ;24 h in pif single mutants and further increased to more than 24 h in pif double mutants and cop1-4 ( Figure 5A ). When analyzed on the same gel blot, pif3 pif4 and pif4 pif5 double mutants and cop1-4 clearly accumulated higher phyB levels compared with the wild type ( Figure 5B ) confirming previous results (Khanna et al., 2007; Al-Sady et al., 2008; Leivar et al., 2008a) . Cell fractionation experiments showed that compared with the wild type, cop1 and pif double mutants accumulated detectable levels of nuclear phyB in the absence MG132 ( Figures 5C to 5E ), supporting the notion of active nuclear COP1. Note that in these double mutants, nuclear phyB levels were still elevated by MG132 treatment, suggesting that PIF3, 4, and 5, and perhaps other related factors, may act redundantly (Leivar et al., 2008b) . Direct comparison of nuclear phyB levels on the same blot showed that nuclear phyB levels were considerably higher in pif4 pif5 and cop1-4 ( Figure 5F ). This phyB population appeared to be less labile, as the effect of MG132 was only moderate.
In addition to confirming the observations about higher phyB levels or delayed phyB decay rate in pif mutants and/or the cop1 mutant (Khanna et al., 2007; Leivar et al., 2008a; Figure 5) , our results also show that mostly the nuclear phyB pool is affected by PIFs and/or COP1.
PIFs Facilitate Polyubiquitination of phyB by COP1 E3 Ligase
The effects of PIFs on phyB levels may be direct or indirect. We hypothesized that perhaps binding of PIFs via their APB sequences to phyB may enhance photoreceptor ubiquitination by COP1. This hypothesis is consistent with the report that phyB levels are lower in PIF3 and PIF5 overexpressors (Khanna et al., 2007; Al-Sady et al., 2008) . We tested this hypothesis directly by in vitro ubiquitination assays. Figures 6A and 6B show that, indeed, PIF5 was able to enhance polyubiquitination of PhyB-N. This stimulatory effect depended on binding of PIF5 to PhyB-N since a noninteracting mutant, mPIF5 (E31A/G37A) (Khanna et al., 2004) , was inactive and in fact inhibited the polyubiquitination reaction at all amounts except 50 ng ( Figure 6B ; see Supplemental Figure 8 online). Unexpectedly, at 50 ng, mPIF5 appeared to stimulate PhyB-N ubiquitination compared with wild-type PIF5. The mechanism of this anomalous result was not further investigated. Similar enhancement of PhyB-N ubiquitination was obtained for PIF3 and PIF4; moreover, we found that the three PIF factors can act synergistically in this reaction ( Figure  6A ). These results are consistent with the observation that pif double mutants accumulate high phyB levels compared with single mutants ( Figure 5A ).
We wanted to explore the mechanism by which phyB polyubiquitination is increased by PIFs. To this end, we analyzed the effect of PIF on PhyB/COP1 interaction by in vitro pull-down assay using PIF5 as a representative of PIFs. Figure 6C shows that PhyB/COP1 interaction was enhanced by increasing amounts of PIF5. This effect of PIF5 was dependent on PIF5/ PhyB interaction, since neither the noninteracting mutant mPIF5 (E31A/G37A) nor HFR1, a bHLH protein, had any effect.
We also confirmed that COP1 interacted with PIF3, 4, and 5 ( Figure 6D ). However, these PIFs were not ubiquitinated by COP1 E3 ligase ( Figure 6E ), indicating that they are not COP1 substrates. Our result is consistent with previous report (Bauer et al., 2004) showing that COP1 does not affect the lightdependent PIF3 turnover and that other E3 ligases are involved in the proteolysis of PIFs. Taken together, our findings suggest that PIFs are likely required to strengthen PhyB/COP1 interaction so as to enhance PhyB ubiquitination and turnover and this function of PIFs is independent of their transcriptional activity.
COP1 Is an E3 Ligase of Five Arabidopsis Phytochromes
We also investigated whether other stable phytochromes are also substrates of COP1. Figure 7A shows that COP1 interacted strongly with the N-terminal regions (PhyC-N, amino acids 1 to 592; PhyD-N, amino acids 1 to 644) of phyC and phyD but weakly with the C-terminal regions of these two phytochromes. In the case of phyE, both the N-(amino acids 1 to 588) and the C-terminal regions (amino acids 589 to 1112) interacted with similar affinity to COP1. In vitro assays confirmed that phytochrome regions that strongly bound to COP1 were also polyubiquitinated by the E3 ligase ( Figure 7B ). Note that ubiquitination of phyE-N and phyE-C by COP1 was not as efficient as that of the others. Our results confirmed that in addition to serving as an E3 ligase for phyA (Seo et al., 2004; Saijo et al., 2008) , COP1 is an E3 ligase for all phytochromes. Furthermore, direct interaction is required for polyubiquitination.
DISCUSSION
Receptor desensitization and turnover of signaling intermediates by proteolysis are important regulatory steps in signal termination (Henriques et al., 2009) . Previous works showed that the phyA photoreceptor is targeted by COP1 E3 ligase for ubiquitination and destruction (Seo et al., 2004; Saijo et al., 2008) . Here, we extend this observation to phyB and other stable phytochromes and describe regulatory features of this signaling event.
COP1 Is an E3 Ligase for phyB
The observation that phyB levels were high in cop1 mutant alleles and were not increased upon MG132 treatment (Figure 1 ) suggested that phyB is targeted by COP1. Here, we present several lines of evidence to support the claim that COP1 is an E3 ligase for phyB in vivo. (A) phyB decay is delayed in pif mutants and cop1-4 under R light. (B) phyB levels in pif3 pif4, pif4 pif5, and cop1-4 compared with the wild type. Samples (0, 8, and 12 h after cycloheximide treatment) were chosen from (A) and analyzed on the same blot. (C) to (E) Nuclear phyB levels are elevated in cop1-4 (C), pif3 pif4 (D), and pif4 pif5 (E). (F) Direct comparison of nuclear phyB levels in the wild type (Col), pif4 pif5, and cop1-4. In (C) to (F), sample fractionations and antibodies for marker proteins were identical to those of Figures 4A to 4C. transgenic experiments, phyB levels are reduced by overexpression of wild-type COP1 but increased by overexpression of a dominant-negative COP1 mutant ( Figures 2C and 2D) . Yang et al. (2001) reported an interaction between COP1 and the C-terminal region of PhyB using a yeast two-hybrid system, but the possible interaction between N-terminal region of phyB and COP1 was not investigated. Here, we provide direct evidence demonstrating that the N-terminal region of phyB interacts with COP1 in vitro and in vivo (Figure 1 ; see Supplemental Figure 6 online), but we also detected weak binding of the C-terminal region by COP1. These results suggest that phyB may harbor two COP1 binding sites in N-and C-terminal regions that have different binding affinities. Consistent with this hypothesis, there appears to be weak interactions between C-terminal In (A) and (B), in vitro ubiquitination assays were done with E1 ubiquitin activating enzyme and E2 ubiquitin conjugating enzyme in the presence or absence of GST-COP1 (G-COP1). In (C) and (D), membrane staining (shown below the immunoblots) after the pull-down assay was used to monitor amounts of bait proteins. Input, purified target proteins used in pull-down assays. Numbers in (A) to (C) indicate the relative amounts of proteins in the reaction, where 1 represents 100 ng M-PhyB-N, M-PIFs, M-mPIF5(E31A/G37A), or M-HFR1. Right panel in (A), PIF3, 4, and 5 were added at 50 ng per reaction.
regions of PhyB, PhyD, and PhyE with COP1 ( Figure 7A ). Furthermore, the expression levels of the C-terminal region of phyB (CG) were slightly increased by MG132 ( Figure 3B) . However, our result shows that the decay rate of phyB N-terminal fragment (NGG-NLS) is much faster than that of the phyB C-terminal fragment (CG) ( Figure 3C ). This result is reminiscent of that seen with HFR1 (Jang et al., 2005) in which the deletion mutant HFR1 (DN), which has a lower COP1 affinity binding, is considerably more stable than full-length HFR1.
phyB Is Likely Ubiquitinated and Degraded in Nuclei
Upon treatment with R even at high fluences only a fraction of phyB is converted into the Pfr form, which is translocated into nuclei. This raises the possibility that phyB pools in the cytosolic and nuclear compartments may be differentially regulated. We addressed this issue by determining full-length phyB levels in soluble (presumably cytosolic) and nuclear fractions. In addition, we investigated the turnover rate of phyB N-and C-terminal deletion mutants that contain NLS sequences.
Both in darkness and R, phyB appeared stable in the soluble fraction, whereas phyB turnover occurred predominantly in the nuclear fraction. In agreement with this, MG132 had no significant effect on phyB levels in the dark, when the photoreceptor remained cytosolic. By contrast, in R-treated seedlings when a fraction (Pfr form) of phyB becomes nuclear localized, the nuclear phyB pool was detectable only when degradation was arrested by the proteasomal inhibitor MG132 (Figures 4A and  4B ). We determined that in the absence of new protein synthesis, phyB levels decreased ;70% after 24 h R treatment, suggesting that 30% of the total phyB remains soluble, presumably in the cytosol ( Figure 5A ). Chen et al. (2003) reported a similar effect in seedlings grown for 4 d in high fluence R, in which only ;50% of phyB-GFP was converted into the Pfr form and localized to nuclei. Our results explain why although nuclear phyB is unstable, this photoreceptor has been hitherto considered as a stable phytochrome because its overall decay rate is dampened by the stable cytosolic pool.
Because the N-terminal region of phyB interacts with COP1 and is polyubiquitinated by this E3 ligase (Figures 1 and 2) , we compared phyB levels in phyB mutants expressing constructs encoding phyB full-length (BG), a functional phyB N-terminal region that is constitutively nuclear (NGG-NLS) or the phyB C-terminal region (CG), including the native NLS motif of phyB (Matsushita et al., 2003) . Although both NGG-NLS and CG were found to accumulate in nuclei, NGG-NLS was detected only after MG132 treatment both in darkness and R light ( Figure 3B ). The instability of NGG-NLS in darkness is likely due to its constitutive nuclear localization as opposed to the R light-triggered nuclear localization of BG ( Figure 3C ). This result indicating that the Pr form of NGG-NLS can be degraded in the nucleus is consistent with the in vitro observation that the Pr form of phyB-N can also be ubiquitinated by COP1, albeit with reduced efficiency ( Figure  2B ). Consistent with its instability, the half-life of NGG-NLS is <2 h (Figure 3C ), comparable to those of light-related transcription factors, HY5, HFR1, LAF1, and BIT1, which are also COP1 targets (Osterlund et al., 2000; Jang et al., 2005 Jang et al., , 2007 Hong et al., 2008) . By contrast, the CG protein, which does not bind to COP1, is very stable both in darkness and under R, notwithstanding its nuclear localization.
COP1 has been reported to localize in nuclei in darkness but migrate to the cytosol upon light exposure (von Arnim and Deng, 1994) . It has been proposed that light would promote nuclear exclusion of the E3 ligase thereby allowing accumulation of COP1 targets, such as HY5, leading to the onset of photomorphogenic responses (Osterlund et al., 2000; Saijo et al., 2003) . Using a specific monoclonal antibody (see Supplemental Figure  7A online), we monitored COP1 levels in cell fractions prepared from etiolated seedlings or seedlings exposed to R. Surprisingly, we found that COP1 accumulates both in the soluble and nuclear fractions independently of the light treatment ( Figures 4A and  4B ). These results are not consistent with the view of lighttriggered nuclear exit of COP1 during deetiolation. Moreover, under these experimental conditions, COP1 appears to be stable in both compartments, although we had previously shown selfubiquitination activity in vitro (Seo et al., 2003) . Future analysis of COP1 self-ubiquitination in vivo would be necessary to address this issue fully.
Our results show that nuclear turnover of phyB depends on COP1 interaction, whereas the phyB cytosolic pool remains mostly stable. Consistent with these findings, nuclear phyB levels are elevated in cop1 mutants and insensitive to MG132 treatment ( Figures 1B, 5C , and 5F). The findings that phyB and COP1 could potentially also interact in the cytosol and that the Pr form of phyB-N can be modified by COP1 raise the question about the mechanisms that ensure phyB stability in the cytosol. One possibility is that the cytosolic phyB Pr form is also modified by COP1 but the ubiquitinated phyB is rapidly deubiquitinated. Alternatively, cytosolic phyB Pr may bind to one or more unknown proteins that prevent its ubiquitination. Also, photoconversion of phyB Pr into Pfr might expose the N-terminal COP1-interacting region and thus permit enhanced binding of COP1 and subsequent ubiquitination. Finally, photoconversion of phyB combined with the presence of PIF transcription factors in the nuclear compartment could enhance COP1's ability to bind and ubiquitinate the photoreceptor, an event that would not occur in the cytosol, where the PIFs do not localize. Indeed, Chen et al. (2005) reported a conformational change of phyB upon nuclear translocation that results in an open structure allowing unmasking of the NLS signal and possibly the interaction with other proteins, such as COP1.
PIFs Enhance phyB Polyubiquitination by COP1
Previous results with pif mutants and PIF overexpressors have shown that, although phyB transcript levels remain unchanged, phyB protein levels are negatively correlated with PIF levels, suggesting that these bHLH factors act as negative regulators of the photoreceptor at the posttranslational level (Khanna et al., 2007; Al-Sady et al., 2008; Leivar et al., 2008a) . Because PIFs are also nuclear localized, we hypothesized that these factors may regulate ubiquitination of phyB by COP1. Using an in vitro assay, we found that PIF3, 4, and 5 enhanced PhyB-N ubiquitination by COP1 ( Figures 6A and 6B ), and this effect was more pronounced when pairs of PIF (e.g., PIF3+PIF4) were tested ( Figure 6A ), suggesting that heterodimers might have a synergistic effect. Moreover, we demonstrated that PIFs act directly by binding to phyB-N, since a nonbinding PIF5 mutant (mPIF5) has no stimulatory activity ( Figure 6B ), suggesting that PIFs (via their APB motif) might increase COP1 affinity toward phyB. Consistent with this notion, the reduced phyB level in PIF3 and PIF5 overexpressors relative to the wild type under R was dependent upon APB activity of these factors (Khanna et al., 2007; Al-Sady et al., 2008) .
Further confirmation of the direct role of PIFs in promoting phyB ubiquitination by COP1 came from the analysis of phyB half-life in the wild type, pif single and double mutants, and cop1-4 mutants. In confirmation of previous results (Khanna et al., 2007; Al-Sady et al., 2008; Leivar et al., 2008a) , we found that phyB's half-life increased from 8 h in the wild type to 24 h in pif3-3, pif4-2, and pif5-3 mutants and further prolonged to more than 24 h in pif double mutants (pif3 pif4 and pif4 pif5) and in cop1-4 ( Figure 5 ). In addition, we showed that in pif mutants, nuclear phyB was partially stabilized, providing further support that PIF regulation of phyB occurs inside nuclei ( Figures 5D to 5F ). Evidence that PIF proteins act redundantly came from the finding that nuclear phyB levels were slightly increased by MG132 in pif3 pif4 and pif4 pif5 double mutants (Leivar et al., 2008b ; Figures 5D to 5F ). These results support the view that PIFs enhance phyB ubiquitination by COP1 in the nuclei and provide a mechanistic explanation for the inverse relationship seen between PIF and phyB protein levels (Monte et al., 2007; Al-Sady et al., 2008; Henriques et al., 2009 ). In addition, these findings highlight the importance of PIF proteins in setting nuclear photoreceptor levels.
Our results highlight a new function for PIF proteins, that is, as regulators of COP1 ubiquitination activity toward stable phytochromes. As a major regulator in light signaling, COP1 has been shown to function in concert with regulatory factors like SPA proteins (Laubinger et al., 2004) that are able to modulate its ubiquitination activity toward several transcription factors and even the phyA photoreceptor (Saijo et al., 2003 (Saijo et al., , 2008 Seo et al., 2003) . Consistent with the function of SPA proteins in vivo, spa quadruple mutants displayed a photomorphogenic phenotype in the dark, like cop1 mutants (Laubinger et al., 2004) . Our findings here suggest that in addition to modulating COP1 E3 activity, these signaling factors may function in the selection of ubiquitination targets, providing COP1 with the specificity to regulate FR or R signaling pathways. The finding that pif1 pif3 pif4 pif5 mutants show a COP1-related phenotype in the dark (Leivar et al., 2008b) further confirms this hypothesis.
The enhancing effect of PIFs on PhyB ubiquitination may, on the surface, appear to be similar to the stimulatory effect of SPA1 on PhyA ubiquitination. However, there are major differences between the two that may reflect a different mechanism. First, PIFs but not SPAs are bHLH family transcription factors. Second, SPA1 interacts with the coiled-coil domain of COP1 to increase its E3 ligase activity (Seo et al., 2003) , whereas binding of PIFs to both phyB and COP1 is needed to enhance photoreceptor ubiquitination (Figures 6A and 6B ; see Supplemental Figure 8 online). So far, it is not known if SPA1 can promote phyA/COP1 interaction.
The stimulatory effect of PIFs on phyB ubiquitination is reminiscent of the modulation of p53 ubiquitination by regulatory factors in animal cells (Sui et al., 2004; Allende-Vega et al., 2007; Kruse and Gu, 2009 ). The transcription factor Yin Yang 1 (YY1) directly binds to p53 to stimulate polyubiquitination of the latter by Hdm2, and it is thought that YY1 acts by promoting Hdm2-p53 physical interaction (Sui et al., 2004) . On the other hand, the transcription factor TAFII250 stabilizes Mdm2, an E3 ligase for p53, through inhibition of its autoubiquitination and thereby indirectly stimulates p53 ubiquitination (Allende-Vega et al., 2007) . The role of PIFs in enhancing PhyB ubiquitination by COP1 is reminiscent of the situation in YY1/p53/Hdm2, implying that this mechanism is conserved in eukaryotes.
COP1 Also Targets Other Type II Phytochromes
We found that COP1 could associate with and ubiquitinate PhyC-N, PhyD-N, PhyE-N, and PhyE-C polypeptides ( Figures  7A and 7B) . Using a commercially available phyD antibody (see Supplemental Figure 7B online), we found that phyD accumulates in cop1 mutant alleles independently of proteasome inhibition ( Figures 1A and 1B) . Our results are consistent with the observation that phyD levels were reduced in PIF5 overexpressors under R (Khanna et al., 2007) . Molecular phylogenic analysis of Arabidopsis phytochromes uncovered three divergent phytochrome gene lineages, phyA/C, phyB/D, and phyE (Smith, 2000) . The high amino acid sequence identity (>80%) between phyB and phyD, as well as phyD's redundancy in Arabidopsis photomorphogenesis, would make phyD the most likely candidate for COP1 and PIFs targeting.
As a type II stable phytochrome, phyB mediates photoresponses ranging from seed germination to shade avoidance and flowering. Here, we provide a molecular mechanism for the termination of R light signal transduction (Figure 8 ). In the darkness, PIFs accumulate in nuclei where they promote the transcription of elongation genes and repress the onset of photomorphogenesis (Leivar et al., 2008b) . Upon R light exposure, the cytosolic phyB Pr undergoes conformational changes, unmasking its NLS motif to allow for nuclear translocation (Chen et al., 2005) . In nuclei, this active Pfr form triggers light responses and promotes PIFs phosphorylation (PIF1, 3, and 5) and PIF degradation by an as yet unknown mechanism. However, upon continued R exposure, signaling by phyB Pfr is terminated by COP1-mediated degradation, which is promoted by PIFs. As PIFs are known to colocalize with phyB in nuclear speckles (Kircher et al., 2002; Bauer et al., 2004) , phyB polyubiquitination might occur in these subnuclear structures. Binding of PIFs to both phyB and COP1 might increase the affinity of the photoreceptor for COP1, thereby increasing ubiquitination and degradation. Further understanding of the exact nature of the phyB negative regulation by PIFs will be a challenge for the future. In D or FR light, phyB remains in the cytosol as the inactive Pr form in which both the N-terminal (GAF-PHY domains) and C-terminal regions (PRD) are able to interact (Kircher et al., 1999; Yamaguchi et al., 1999; Chen et al., 2003 Chen et al., , 2005 . This particular conformation might prevent the association between COP1 and phyB, resulting in a stable phyB that accumulates in the cytosol. However, upon R light exposure, the NLS, located at the C-terminal region of phyB, is exposed due to a light-dependent conformational change (Chen et al., 2005) . Therefore, the active Pfr form translocates into nuclei where it triggers signaling by binding to PIFs or other transcription factors (TFs). PIFs may promote phyB polyubiquitination by increasing the binding affinity between phyB and COP1 and thus facilitating phyB degradation by 26S proteasomes. Most probably the phyB-PIFs-COP1 interaction takes place in nuclear bodies (NB), subnuclear structures where COP1 colocalizes with several of its targets (LAF1, HY5, HFR1, and phyA) (Saijo et al., 2003; Seo et al., 2003 Seo et al., , 2004 Jang et al., 2005; Yang et al., 2005) , since phyB also colocalizes to NB in a PIF3-dependent manner (Bauer et al., 2004) . It has been proposed that phyB and PIFs negatively regulate each other (Monte et al., 2007; Al-Sady et al., 2008; Henriques et al., 2009 ). Although we provide evidence for the PIF-mediated downregulation of phyB levels, the exact mechanism for light-induced and phyB-dependent PIF degradation remains to be characterized.
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METHODS
Plant Materials
We used the wild type (Col-0 and Landsberg erecta [Ler] ), phyB-9 (Reed et al., 1993 ), cop1-4, cop1-6 (McNellis et al., 1996 , phyB-9 cop1-4 (Yu et al., 2008 ), pif3-3 (Monte et al., 2004 , pif4-2 (Leivar et al., 2008a ), pif5-3 (Khanna et al., 2007 , pif3 pif4 (Leivar et al., 2008a) , and pif4 pif5 (Nozue et al., 2007) as plant materials. All mutants were in the Col-0 background Transgenic Arabidopsis thaliana seedlings of PBG18-5/phyB-5, NG-GUS-NLS 4-1/phyB-5, and CG19-2/phyB-5 (Matsushita et al., 2003) were designated as BG/B, NGG-NLS/B, and CG/B, respectively. Transgenic Arabidopsis seedlings expressing XVE-COP1-6Myc and XVE-COP1(DN)-6Myc were inducible by b-estradiol (Seo et al., 2003 (Seo et al., , 2004 .
Vector Construction and Site-Directed Mutagenesis
Constructs for the production of recombinant GST or MBP fusion proteins were based on plasmids pGEX-4T-1 (GE Healthcare) and pMal-c2 (New England Biolabs), respectively.
The following recombinant proteins were produced in Escherichia coli: phyB-N (amino acids 1 to 640), phyB-C (amino acids 640 to 1172), phyC-N (amino acids 1 to 592), phyC-C (amino acids 593 to 1111), phyD-N (amino acids 1 to 644), phyD-C (amino acids 645 to 1164), phyE-N (amino acids 1 to 588), phyE-C (amino acids 589 to 1112), PIF3, PIF4, and PIF5. All relevant cDNA and DNA fragments were amplified by PCR, cloned in pENTR/D vector (Invitrogen), and then transferred into pMBP-DC (Jang et al., 2007) by recombination using the LR Clonase enzyme (Invitrogen). DNA fragments encoding phyD-N and phyE-N were directly inserted into EcoRI and XbaI restriction sites of pMal-c2.
cDNAs encoding full-length Arabidopsis PIF3, PIF4, and PIF5 were amplified by PCR and inserted into EcoRI and XhoI restriction sites of pGEX-4T-1 to generate G-PIF3, G-PIF4, and G-PIF5. The PIF5 mutant (E31A/G37A) was generated by site-directed mutagenesis using the QuikChange Lightning site-directed mutagenesis kit (Stratagene). Plasmids M-PIF5 and G-PIF5 were used as templates along with appropriate primer sets according to the manufacturer's instructions. All constructs were verified by sequencing. All primer sequences are listed in Supplemental Tables 1 and 2 online.
Plasmids and Preparation of Recombinant Proteins
Plasmids to produce recombinant proteins, MBP-HFR1 (M-HFR1) encoding full-length HFR1, GST-COP1 (G-COP1) encoding full-length COP1, GST-COP1(RC) encoding amino acids 1 to 255 of COP1, and GST-COP1(WD) encoding amino acids 216 to 675 of COP1 were described previously (Jang et al., 2005) . Constructs were transformed into E. coli BL21 cells and recombinant proteins purified from bacterial extracts after isopropyl-b-D-thiogalactoside induction (Jang et al., 2005) .
Light Treatments
For phenotypic analysis shown on Figure 1A and Supplemental Figure  1 online, surface-sterilized wild-type (Col-0) and mutant seeds were vernalized for 4 d at 48C in darkness, exposed to 1 h of white light, and then transferred to R light (10 mmol m 22 s 21 ) for 4 d at 218C. Hypocotyl lengths were measured and analyzed using Image J software (http://rsb. info.nih.gov/ij/).
Light treatments shown in Figures 1B, 3A , 3B, 4A to 4C, and 5C to 5E were performed with 4-d-old etiolated wild-type (Col-0 or Ler), pif3 pif4, pif4 pif5, NGG-NLS/B, CG/B seedlings, and/or 4-d-old cop1 mutants (cop1-4 and cop1-6) seedlings grown in darkness treated with or without MG132 (25 mM) and then kept in darkness (D) or transferred to R light (10 mmol m 22 s 21 ) for 24 h.
For Figures 2C and 2D , transgenic lines carrying XVE-COP1-6Myc or XVE-COP1(DN)-6Myc were treated with or without 10 mM b-estradiol to induce COP1-6Myc and COP1(DN)-6Myc expression under R light (10 mmol m 22 s 21 ) for 12 h.
Antibodies for Protein Immunoblotting
Monoclonal antibodies of anti-BA1 and anti-BA2 are specific to the N-and C-terminal domain of phyB, respectively (Matsushita et al., 2003) . Mouse anti-COP1 and anti-MBP mAbs were generated by the Monoclonal Antibody Core Facility (Memorial Sloan-Kettering Cancer Center, NY) using purified MBP-COP1 recombinant protein (Jang et al., 2005) as an antigen. Anti-Myc (sc-789), anti-phyD (sc-12710), anti-GST (sc-138), anti-GFP (sc-9996), and anti-Pol II (sc-33754) antibodies were from Santa Cruz Biotechnology and antitubulin antibody was from Sigma-Aldrich (T-9026). Tubulin levels were used as a loading control in all experiments.
In Vitro Pull Down, in Vitro Ubiquitination Assays, and in Vivo Coimmunoprecipitation
Experimental procedures for in vitro pull down, in vitro ubiquitination assays, and in vivo coimmunoprecipitatioin were described (Jang et al., 2005) .
For in vitro pull-down assays, the reaction was done with glutathione sepharose 4B for 2 h. After washing with buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, and 0.6% Trition X-100), pulled-down proteins were separated on 8 to 10% SDS-polyacrylamide gels and detected by protein immunoblotting using anti-MBP or anti-GST antibodies.
For in vitro ubiquitination assays, each reaction mixture (30 mL)
contained ;100 ng protein substrates, 20 ng rabbit E1 (Boston Biochem), 20 ng human E2 UbcH5b (Boston Biochem), 10 mg His 6 -ubiquitin (SigmaAldrich), and 200 ng E3 (GST-COP1) and reactions were performed at 308C for 2 h. Ten microliters of the reaction mixtures were separated on 6% SDS-polyacrylamide gel, and ubiquitinated PhyB-E were detected with anti-MBP for Figures 2A, 2B , 6E, and 7B and anti-phyB (BA1) for Figures 6A and 6B. The chromophore was attached to M-PhyB-N by adding phycocyanobilin at 10 mM final concentration (Ni et al., 1999) were ground in liquid nitrogen using a precooled mortar and pestle. After extraction of protein in buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.2% Triton X-100, and 1 mM DTT) containing a proteinase inhibitor cocktail (Roche), ;1 mg of total protein and 5 mg of anti-Myc polyclonal or anti-COP1 monoclonal antibodies were used for immunoprecipitation reactions. Proteins eluted from protein A/G agarose beads (Roche) were analyzed by immunoblotting using anti-Myc, antiphyB (BA2), anti-COP1, and anti-GFP antibodies.
Cycloheximide Treatment
Protein decay assays of Figure 5A were done with 4-d-old etiolated seedlings that were transferred to liquid Murashige and Skoog medium containing 100 mM cycloheximide, kept in the dark for 30 min, and then exposed to R light (10 mmol m 22 s 21 ). Samples were harvested as indicated and analyzed by protein immunoblot analysis. Expression levels of phyB and tubulin were measured using the program of Image Gauge V3.12 (Fuji), and the values were normalized to 0 time in all panels.
Protein decay assays of Figure 3C were done with 4-d-old etiolated seedlings (BG/B, NGG-NLS/B, and CG/B) that were treated with MG132 (25 mM) for 12 h in darkness, washed, and used for decay experiment using cycloheximide as mentioned above. Blots were probed with anti-GFP antibody.
Nuclear Protein Extraction
Nuclear protein extraction was performed using the CelLytic PN extraction kit (Sigma-Aldrich) as described (Abdalla et al., 2009 ) with minor modifications.
To isolate nuclei, 3 g of tissue from mature plants or 4-d-old etiolated seedlings treated with or without MG132 (25 mM) for 6 or 24 h under R light (10 mmol m 22 s 21 ) or further kept in darkness for 24 h were ground to a fine powder with liquid nitrogen using a precooled mortar and pestle. Nine milliliters (3 mL/g of tissue) of 13 NIB (nuclear isolation buffer from SigmaAldrich) was added to ground samples and mixed. The suspension was passed through a filter mesh (100 mm) and then through miracloth (pore size 22 to 25 mm) into 50-mL tubes. Organelles including the nuclei were pelleted after centrifugation for 10 min at 1260g, and the supernatant (nuclear depleted soluble fraction) including the cytoplasmic fraction was collected and analyzed as soluble fraction. The pellet was resuspended completely in 0.5 mL of 13 NIBA (NIB buffer containing protease inhibitor cocktail), and the organelle membranes were lysed by adding 10% Triton X-100 to a final concentration of 0.3%. For semipure preparation of nuclei, the lysates were applied on top of a 0.8-mL cushion of 1.5 M sucrose with 13 NIBA in 1.5-mL tubes. After centrifugation at 12,000g for 10 min, the pellet was collected after removal of upper phase and the sucrose cushion and followed by two times washing with NIBA buffer. The nuclear pellet was resuspended in 100 mL of nuclear extraction buffer and vortexed for 30 min. Insoluble material was removed by centrifugation at 12,000g for 10 min. The final nuclear protein fraction was transferred into new precooled microcentrifuge tube and stored at 2808C until use. An ;10-fold nuclear fraction compared with the soluble faction based on starting material was used for protein immunoblot analyses. Note that all procedures for nuclear protein extraction were performed at 48C.
RNA Extraction and Quantitative RT-PCR
Total RNA was extracted from Arabidopsis seedlings using Qiagen RNeasy plant mini kits (Qiagen). Reverse transcription was performed using the SuperScript III RT kit (Invtrogen). The cDNA was quantified using a SYBR premix Ex Taq (TaKaRa) with gene-specific primers in a Bio-Rad CFX96 real-time system. The oligonucleotides for quantitative PCR were as follows: forward 59-TCTCGCAGTGAAGTGATTGG-39 and reverse 59-CCGCTTGTTTGCAGTCAATA-39 for phyB amplification, forward 59-GTGGTTGTCAACGCATGTTC-39 and reverse 59-CAAGG-CAGCACGTATTCTCA-39 for phyD amplification, and rorward 59-GCA-CCCTGTTCTTCTTACCG-39 and reverse 59-ACCCTCGTAGATTGGCACA-39 for ACTIN2 amplification. All reactions were performed in triplicate using three independent RNA samples.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: phyB (At2g18790), phyC (At5g35840), phyD (At4g16250), phyE (At4g18130), COP1 (At2g32950), PIF3 (At1g09530), PIF4 (At2g43010), PIF5 (At3g59060), and ACTIN2 (At3g18780).
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